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ABSTRACT The d i s t r i b u t i o n s o f t h e a n g u l a r and s c a l a r f l ' u x a n d c u r r e n t a r o u n d t h e w a l l o f a c i r c u l a r c r o s s s e c t i o n tokamak a r e c a l c u l a t e d by n u m e r i c a l l y s o l v i n g t h e ' i n t e g r a l form o f t h e n e u t r o n t r a n s p o r t e q u a t i o n . The e f f e c t o f t h e t o r o i d a l geometry i s t a k e n i n t o a c c o u n t w h i l e i n v e s t i g a t i n g t h r e e d i f f e r e n t i s o t r o p i c plasma s o u r c e d i s t r i b u t i o n s -u n i f o r m , p e a k e d , and s h i f t e d . The r e s u l t s of t h e c a l c u l a t i o n s f o r a t y p i c a l l a r g e s c a l e tokamak d e s i g n i n d i c a t e a s t r o n g dependence of t h e s c a l a r f l u x and t h e c u r r e n t ( o f DT n e u t r o n s ) on t h e w a l l p o s i t i o n , r e s u l t i n g i n " h o t s p o t s " on t h e w a l l .

The c a l c u l a L i o n s a l s o i n d i c a t e a marked v a r i a t i o n o f t h e a n g u l a r f l u x ' o f DT n e u t r o n s w i t h t h e w a l l p o s i t i o n , which may b e an i m p o r t a n t c o n s i d e r a t i o n i n w a l l s p u t t e r i n g and t r i t i u m
. .
b r e e d i n g e v a l u a t i o n s . The a n g u l a r d i s t r i b u t i o n i s u s e d a s a s o u r c e c o n d i t i o n f o r t h e n e u t r o n t r a n s p o r t code ANISN, t o i n v e s t i g a t e t h e e f f e c t on t h e f l u x ' and t r i t i u n b r e e d i n g r a t i o
i n a f u s i o n r e a c t o r b l a n k e t .
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INTRODUCTION
The a n g u l a r d i s t r i b u t i o n a n d t h e m a g n i t u d e o f t h e DT n e u t r o n f l u x i n c i d e n t on t h e f i r s t w a l l o f a tokamak power r e a c t o r w i l l b e a n i m p o r t a n t c o n s i d e r a t i o n i n t h e r e a c t o r d e s i g n f o r a number o f r e a s o n s . I t c o u l d b e i m p o r t a n t i n t h e d i v e r t o r d e s i g n , e . g . w i l l a l a r g e number o f n e u t r o n s e n t e r
t h e d i v e r t o r r e g i o n a n d t h u s b e l o s t f r o m t h e s y s t e m , i n w h i c h case s p e c i a l s h i e l d i n g may b e r e q u i r e d n e a r t h e d i v c r t o r .
ALSO,
the n e u t r o n f l u x luay have an e f f e c t o n t h c wall
s p u t t e r i n g and t h u s a f f e c t t h e p r o d u c t i o n o f i m p u r i t y n e u t r a l s w h i c h c o u l d react w i t h t h e h o t p l a s m a . The a n g l e a t w h i c h t h e n e u t r o n s s t r i k e t h e w a l l may d e t e r m i n e
t h e a n g u l a r .
d i s t r i b u t i o n o f t h e s p u t t e r e d n e u t r a l s , e . g . , w h e t h e r t h e y
e m e r g e n o r m a l t o t h e w a l l ( a n d t h u s p e r h a p s i n t e r a c t w i t h t h e p l a s m a ) o r w h e t h e r t h e y emerge n e a r l y t a n g e n t t o t h e w a l l a n d a r e t r a n s p o r t e d i n t o t h e d i v e r t o r r e g i o n .
The n e u t r o n w a l l
l o a d i s , o f c o u r s e , a b a s i c p a r a m e t e r i n t h e n e u t r o n i c s d e s i g n o f a f u s i o n r c a c t o r , e . g . , i n c o n s i d e r a t i o n s o f t h e t r i t i u m
b r e e d i n g r a t i o a n d t h e n u c l e a r h e a t i n g r a t e s i n t h e b l a n k e t .
I n t h i s r e p o r t w e c a l c u l a t e t h e n e u t r o n w a l l f l u x a n d n u m e r i c a l l y s o l v e t h e i n t e g r a l n e u t r o n t r a n s p o r t e q u a t i o n . t h e a n a l y s e s a r e g i v e n i n s e c t i o n V I I .
I I . METHOD OF .SOLUTION
A.
E q u a t i o n s and Geometry
The i n t e g r a l ' s o l u t i o n a t any p a r t i c u l a r p o i n t i n s p a c e 1 o f t h e n e u t r o n t r a n s p o r t e q u a t i o n may b e w r i t t e n a s where F(:Q) is t h e n e u t r o n a n g u l a r f l u x i n t h e d i r e c t i o n $2, p --is t h e p a t h l e n g t h , s (~) is t h e v o l u m e t r i c s o u r c e , and C i s a r e i n t e r e s t e d o n l y i n t h e s t r e a m i n g o f t h e n e u t r o n s from t h e plasma t o t h e w a l l , s o ' t h a t t h e r e a r e no i n t e r a c t i o n s and
Thus, e q u a t i o n ( 1 ) ' r e d u c e s t o where pw i n d i c a t e s where t h e r a y h i t s t h e w a l l .
The s c a l a r f l u x F i s t h e n found by -i n t e g r a t i n g F ( Q ) '
-o v e r a l l s o l i d a n g l e s ~l k o , t h e n e u t r o n c u r r e n t J a c r o s s a s u r f a c e p e r p e n d i c u l a r t o a p a r t i c u l a r d i r e c t i o n -$2' i s d e f i n e d by
The d i f f e r e n t i a l s o l i d a n g l e dfl may b e w r i t t e n a s -dfl = s i n @ d 0 d $ = -d$dp, where O and $ a r e t h e a n g l e s i n a -W e h a v e w r i t t e n a c o d e t o n u m e r i c a l l y c a l c u l a t e , a t a n y p o i n t on t h e w a l l o f a t o r u s , t h e two a n g u l a r f l u x e s , F(py 4 ) . a n d F ( p ) , t h e s c a l a r f l u x F , a n d " t h e c u r r e n t J.
The g e o m e t r y a n d c o o r d i n a t e s y s t e m s i n v o l v e d i n t h e s o l u t i o n o f e q u a t i o n s ( 5 ) are s h o w n , i n F i g u r e 1. To a c c o u n t f o r t h e t o r o i d a l g e o m e t r y , -i t is c 0 n v e n i e n . t t o ' d e f i n e ' t h r e e c o o r d i n a t e s y s t e m s , o n e a t t h e w a l l p o i n t , o n e a t t h e c e n t e r o f t h e t o r u s , a n d o n e a t t h e p l a s m a c e n t e r l i n e . The p r i m a r y s y s t e m is p l a c e d a t t h e c e n t e r o f t h e t o r u s a n d is composed o f T h r e e l e n g t h s of i n t e r e s t i n t h e tokamak a r e .also shown i n F i g u r e 1: t h e m a j o r r a d i u s R t , t h e plasma r a d i u s r a n d P ' t h e w a l l r a d i u s r . W e c a n d e f i n e two r a t i o s f r o m t h e s e That i s , t h e s o u r c e s t r e n g t h i s a f u n c t i o n o f c i r c l e s i n t h e ( R , Z ) p l a n e , w h i c h a r e s h i f t e d t o p r o g r e s s i v e l y g r e a t e r R , r a t h e r t h a n b e i n g c o n c e n t r i c a t W e a p p r o x i m a t e t h e p l a s m a s h i f t f ( $ ) by t h e s i m p l e e x p r e s s i o n w h e r e E is a c o n s t a n t ( l e s s t h a n 1) which m e a s u r e s t h e maximum s h i f t , E r .
P '
The s h i f t e d s o u r c e s t r e n g t h i s w r i t t e n a s t h r e e d i f f e r e n t s o u r c e r e p r e s e n t a t i o n s on t h e n e u t r o n w a l l f l u x is i n v e s t i g a t e d . 
i c s o u r c e d i s t r i b u t i o n s s ( r ) such t h a t S is t h e same f o r each, where
and t h e i n t e g r a l is o v e r t h e e n t i r e plasma volume. T h i s i s achieved by i n t e g r a t i n g each s ( r , X ) i n e q u a t i o n ( 1 2 ) and t h e n r e s c a l i n g by a c o n s t a n t . 
s found t h a t t h e maximum v a l u e of t h e peaked s o u r c e is t w i c e t h e v a l u e o f t h e uniform s o u r c e , w h i l e f o r E = 1 / 2 , t h e maximum v a l u e of t h e s h i f t e d s o u r c e is approximately 95% t h a t of t h e peaked s o u r c e .
C , D i s c r e t i z a t i o n I t would be r e l a t i v e l y s t r a i g h t f o r w a r d t o a n a l y t i c a l l y s o l v e e q u a t i o n ( 5 a ) f o r F(v,+) w i t h a p a r t i c u l a r s o u r c e s ( P ) , e x c e p t f o r t h e d i f f i c u l t y i n d e t e r m i n i n g when t h e p a t h c r o s s e s t h e t o r u s w a l l rw. To avoid t h i s problem, it
The r a y t r a c i n g p r o c e s s t h e n e n t a i l s choosing a p a r t i c u l a r d i r e c t i o n and f o l l o w i n g t h e p a t h o u t from t h e w a l l p o i n t P i n d i s c r e t e s t e p s A P , sampling t h e s o u r c e sk
t h e s t e p is w i t h i n t h e p l a s m a , u n t i l t h e p a t h comes t o t h e t o r u s w a l l ( d e n o t e d by p o i n t . P ' ) , . . . a t w h i c h p o i n t i t s t o p s . .The sum o f a l l t h e s o u r c e s e n c o u n t e r e d a l o n g , t h i s r a y
is t h e n t h e a n g u l a r f l~x . F ( p~, @~) f o r t h e , p a r t i c u l a r d i r e c t i o n ( p i , .
A * d i f f e r e n t d i r e c t i o n i s t h e n c h o s e n a n d t h e p r o c e s s is r e p e a t e d , , a n d i n t o t a l t h e r e are L x 3L = 3~~ r a y s traced.
(Symmetry in, @ e l i m i n a t e s h a l f o f t h e 6L Qi. ) I n terms o f t h i s d i s c r e t i z a t i o n p r o c e s s , e q u a t i o n s ( 5 ) are w r i t t e n as R w h e r e * A p = 1 / L a n d A @ = x. The f a c t o r o f 2 a r i s e s f r o m t h e symmetry i n t h e a n g l e @ , as shown i n F i g u r e 1. W e h a v e c h o s e n t h e s t e p s i z e t o be 
S i m i l a r l y t h e Oi are c h o s e n a s t h e m i d p o i n t s o f t h e A,$, a n d t h e m i d p o i n t s o f t h e Ap are u s e d t o e v a l u a t e t h e sk. Whenever a . p o i n t a l o n g t h e r a y ,is found t o b e i n s i d e t h e p l a s m a , t h e v a l u e o f t h e s o u r c e a t t h a t p o i n t is c a l c u l a t e d and added t o t h e a n g u l a r f l u x , s o t h a t t h e r a y t r a c i n g p r o c e s s i s i n d e p e n d e n t of t h e s o u r c e . d i s t r i b u t i o n . Thus it is p o s s i b l e t o c a l c u l a t e t h e a n g u l a r ' f l u x f o r a l l t h r e e o f t h e s o u r c e d i s t r i b u t i o n s d u r i n g o n e r a y trace. T h i s r e s u l t s i n a s i g n i f i c a n t r e d u c t i o n i n computing t i m e , s i n c e i t is riot n e c e s s a r y t o r e p e a t t h e r a y p r o c e s s f o r e a c h s o u r c e . I t is o f i n t e r e s t t o compare t h e a c c u r a c y o f t h e d i s c r e t i z e d s o l u t i o n a s L and
t i.s seen t h a t t h e a c c u r a c y i s
v e r y good f o r b o t h t h e w a l l p o i n t s , X = 0" a n d x = 1 3 5 " , r a n g i n g from 2% f o r L = 1 0 t o less t h a n 0.1%. 
, a n d L = 1 2 a t x = 1 3 5 " , t h e a g r e e m e n t is a g a i n f o u n d t o b e w i t h i n less t h a n 1% for t h e u n i f o r m source. The l a r g e d e c r e a s e i n t h e number o f s t e p s n e c e s s a r y i n t h e r a y t r a c i n g p r o c e s s i s a l s o e v i d e n t i n T a b l e 1, w i t h t h e d e c r e a s e g o i n g a s , 
h e r a t i o o f t h e s t e p s i z e q o r a s t h e c u b e o f t h e r a t i o o f t h e d i s c r e t i z a t i o n L. I n F i g u r e 3 t h e v a r i a t i o n o f t h e a n g u l a r f l u x F(p ,$I ) w i t h L is shown f o r t h e c a s e o f T a b l e l b .
From t h e s e p l o t s it is e v i d e n t t h a t t h e a n g u l a r f l u x is a g a i n n e a r l y t h e same f o r d i f f e r e n t L , b u t it is a l s o s e e n t h a t a l a r g e r L t e n d s t o smooth o u t t h e F ,$I ) F o r t h e f i n e r mesh t h e f l u x is more d e t a i l e d and t h e rough e d g e s a r e smoothed somewhat, as e x p e c t e d , s i n c e f o r t h e l a r g e r L rnure aiigles arc a n a l y z e d . From t h e s e tests w i t h d i f f e r e n t L and q w e w e r e able t o c o n c l u d e t h a t an a c c u r a t e c a l c u l a t i o n o f t h e f l u x and c u r r e n t was p o s s i b l e u s i n g c o a r s e a n g u l a r meshes a n d l a r g e
s t e p s i z e s , t h u s r e d u c i n g t h e computer t i m e n e e d e d f o r t h e s o l u t i o n .
D.
Computer Program
A computer p r o g r a m named WALLOAD w a s w r i t t c n t o ~o l v e e q u a t i o n s ( 1 3 ) f o r t h e f l u x and c u r r e n t . I n p u t t o t h e c o d e c o n s i s t s o f r rw, Rt , X , q , L, an i n t e g e r d e s i g n a t i n g t h e P ' , s o u r c e t o be u s e d , a
n d t h c v a l u e o f c f o r t h e s h i f t e d s o u r c e
when n e c e s s a r y . WALLOAD t h e n c a l c u l a t e s t h e a n g u l a r mesh p o i n t s and b e g i n s t h e r a y t r a c i n g p r o c e s s . 'I'his procedure e n t a I t can be shown t h a t f o r t h i s case t h e s c a l a r f l u x is c o n s t a n t a r o u n d t h e c y l i n d e r w a l l and t h e c u r r e n t is e q u a l t o o n e -h a l f o f t h e f l u x .
i l s c o n v e r t i n g from t h e w a l l c o o r d i n a t e s y s t e m ( p , 8 , $ I ) t o t h e t o r u s s y s t e m ( R , h , Z ) a s t h e s t e p s a r e t a k e n a l o n g t h e p a t h . A t e a c h s t e p t h e s o u r c e v a l u e i s c a l c u l a t e d i f t h e p o i n t is w i t h i n t h e p l a s m a , u n t i l t h e ray r e a c h e s t h e t o r u s
t h e s o u r c e v a l u e s e n c o u n t e r e d a l o n g t h e p a r t i c u l a r r a y i s t h e n m u l t i p l i e d by '~p t o g i v e t h e v a l u e o f F ( v ,~) f o r t h a t r a y . Then t h e v a l u e s o f F ( v ) , F , and J are c a l c u l a t e d by summing o v e r a l l t h e a n g l e s and m u l t i p l y i n g by t h e a p p r o p r i a t e mesh s i z e , a s g i v e n i n e q u a t i o n (13).
I 1 . COMPAIIICON WITH PREVIOUS RESULTS
To s i m u l a t e a n i n f i n i t e c y l i n d e r w e u s e d a v e r y l a r g e R t , SO t h a t t h e a s p e c t r a t i o is e x t r e m e l y large and R >> rw. I.t is c l e a r from F i g u r e 4 t h a t t h e a n g u l a r f l u x c a l c ' u l a t e d by WALLOAD is i n e x c e l l e n t agreement 
w i t h t h e r e s u l t s o f t h e e x a c t s o l u t i o n o f R e f . 3 . The agreement was found t o b e e q u a l l y a s good a t o t h e r w a l l p o i n t s . By i n t e g r a t i n g f i r s t o v e r 6 and t h e n o v e r y , w e w e r e a b l e t o a l s o compare t h e c a l c u l a t i o n s o f F ( y ) a n d F (the s c a l a r
J f l u x ) f o r b o t h methods. Again good a g r e e m e n t was f o u n d between b o t h c a l c u l a t i o n s , i n d i c a t i n g t h a t o u r n u m e r i c a l r a y t r a c i n g scheme . p r e d i c t e d t h e samb f l u x e s as t h e exact s o l u t i o n
----W A L L O A D X = 135" ----W
From t h e s e two c o m p a r i s o n s o f WALLOAD, w e were a b l e t o c o n c l u d e t h a t o u r code was c a p a b l e o f s o l v i n g t h e n e u t r o
Most of s t u d i e s o f tokamak t y p e f u s i o n power r e a c t o r s . t h e s e a r e f o r n o n -c i r c u l a r c r o s s -s e c t i o n t o r u s e s , w i t h a s p e c t r a t i o s A r a n g i n g from 2.6 t o 3 . 7 and e f f e c t i v e w a l l t o p l a s m a r a d i u s r a t i o s Y o f 1.1 t o 1.2. From t h e s e d e s i g n s , w e c o n c l u d e d t h a t t o s t u d y t h e n e u t r o n w a l l l o a d d i s t r i b u t i o n i n a " t y p i c a l " tokamak
i g n o r i n g t h e asymmetry o f t h e t o r u s c r o s s s e c t i o n o f t h e s e t y p i c a l d e s i g n s s i n c e o u r c o d e i s p r e s e n t l y s u i t a b l e o n l y f o r a c i r c u l a r c r o s s s e c t i o n t o r u s . From t h e r e s u l t s o f t h e d i s c r e t i z a t i o n and s t e p f r a c t i o n tests shown i n
T a b l e 1 and F i g u r e 3 , w e d e c i d e d t o u s e L = 1 4 a n d rl = 1 . 0 .
The t h r e e a l t e r n a t e s o u r c e s -u n i f o r m , p e a k e d , and s h i f t e dwere u s e d i n t h e a n a l y s i s , w i t h S = 1 . 0 i n e a c h c a s e . I n t h e s h i f t e d s o u r c e c a s e , a s h i f t E o f 0 . 5 was c h o s e n . F o r e a c h o f t h e s e s o u r c e s w e c a l c u l a t e d
t h e c u r r e n t J , s c a l a r f l u x F , and t h e a n g u l a r f l u x e s F( F\) and F(P , @ ) f o r d i f f e r e n t w a l l p o i n t s w i t h a n g l e s X = 0 ' t o X = 1 8 0 " .
The r e s u l t s o f o u r c a l c u l a t i o n o f t h e a n g u l a r n e u t r o n f l u x F ( P , @) a r e shown, as c o n t o u r p l o t s i n F i g u r e s 5-11 f o r t h e t h r e e s o u r c e s a t s e v e n w a l l p o i n t s
1 2 0°, 1 5 0°, and 180'.
The s c a l e o f t h e c u r v e s on e a c h p l o t is t h e same: e a c h c o n t o u r l i n e r e p r e s e n t s an i n c r e m e n t o f 1 . 0 i n t h e v a l u e o f t h e f l u x . Hence i t can b e s e e n t h a t t h e maximum v a l u e o f F ( p , $ ) a t X = 0' ( t h e o u t e r e d g e o f t h e t o r u s ) i s a p p r o x i m a t e l y twice t h a t a t X = 180" ( i n n e r e d g e o f t h e t o r u s ) .
The second a n g u l a r f l u x F ( v ) , f o u n d bv I n t e g r a L i u g
F ( P ,~) o v e r 4 , is shown i n F i g u r e s 12-14 a s a f u n c t i o n u f w a l l a n g l e X f o r e a c h o f t h e t h r e e s o u r c e s . F o r e a s e o f i l l u s t r a t i o n , b o t h p e r s p e c t i v e a n d c o n t o u r p l o t s o f F( p ) v s . x are g i v e n f o r e a c h s o u r c e d i s t r i b u t i o n . On t h e c o n t o u r p l o t s , t h e s c a l e is a g a i n t h e same f o r e a c h s o u r c e , b u t e a c h
l i n e r e p r e s e n t s an i n c r e m e n t o f 2 . 0 i n t h e v a l u e of F(U).
Hence it can be s e e n t h a t t h e maximum v a l u e o f F ( p ) i s n e a r l y t h e same f o r e a c h s o u r c e , and o c c u r s a t X = oO.
I n F i g u r e 15 t h e s c a l a r f l u x F' and c u r r e~l l ; J aloe s l~~w n a s f u n c t i o n s o f t h e w a l l a n g l e X f o r e a c h o f t h e t h r e e 
f i n i t e f u n c t i o n s of w a l l p o s i t i o n X, w i t h d i f f e r e n t s h a p e s and m a g n i t u d e s d e p e n d i n g on t h e s o u r c e d i s t r i b u t i o n .
V .
DISCUSSION
I
The p l o t s o f t h e a n g u l a r f l u x i n F i g u r e s 5-11 show a v e r y i n t e r e s t i n g b e h a v i o r i n A t t h e w a l l p o i n t X = 30 ", shown i n Figure 6 , w e now see t h a t t h e angular f l u x is no longer symmetric about 6. The maximum f l u x , which is about 3% less Lhan t h e maximum a t x = 0°, i s now s h i f t e d t o an a n g l e 4 of about 105" f o r a l l t h e sources. Also, t h e angle of maximum f l u x emax now r a n g e s from
F ( p , 4 ) f o r d i f f e r e n t w a l l p o s i t i o n s . A t t h e o u t s i d e w a l l p o i n t X = o", it is s e e n t h a t F ( p , 4) is symmetric about t h e angle 4, a s expected s i n c e t h e r e is obviously symmetry about t h e t o r u s a t t h i s p o i n t . The
38" f o r t h e uniform source. t o 48" f o r t h e s h i f t e d source. The range of t h e f l u x has a l s o i n c r e a s e d s l i g h t l y , s o t h a t now
t h e r e is a f l u x up t o 8 = 80" f o r t h e uniform source.
By examining Figures 7-11 f o r o t h e r v a l u e s of X up t o 180°, one can e s t a b l i s h c e r t a i n t r e n d s i n t h e a n g u l a r f l u x vs. it does n o t . The r a n g e o f 0 o v e r which t h e a n g u l a r f l u x i s n o n z e r o is a l s o s e e n t o i n c r e a s e w i t h X , s o t h a t by X = 120" t h e e n t i r e r a n g e o f 8 ( 0 " -9 0 " ) is c o v e r e d . The b e h a v i o r o f F ( v , $ ) ' w i t h t h e a n g l e $ shows a n i n t e r e s t i n g b e h a v i o r , a s e v i d e n t i n F i g u r e s 5-11. F o r X g r e a t e r t h a n 90" , $ a t t h e maximum t h e n d e c r e a s e s u n t i l t h e f l u x i s a g a i n symmetric a b o u t $ a t X = 180" , as e x p e c t c d . Thus a t t h e i n n e r and o u t e r p o i n t s o f t h e t o r u s (X = 180" a n d 0" ) t h e a n g u l a r f l u x i s symmet'ric a b o u t $ , b u t t h e maximum f l u x i s n e a r l y t a n g e n t t o t h e w a l l a t X = 180" and i s much more normal t o t h e , w a l l a t x = 0" .
The e f f e c t s o f t h e d i f f e r e n t s o u r c e d i s t r i b u t i o n s on
t h e a n g u l a r f l u x are e v i d e n t by e x a m i n i n g F i g u r e s 5-11. I n g e n e r a l , i t can b e s e e n t h a t t h e p e a k e d s o u r c e h a s t h e h i g h e s t v a l u e o f F ( p , $ ) a t e a c h w a l l p o i n t .
The a n g l e o f maximum f l u x 8 max t e n d s t o be l a r g e s t f o r t h e s h i f t e d s o u r c e , w h i l e t h e u n i f o r m s o u r c e g e n e r a l l y r e s u l t s i n t h e l a r g e s t r a n g e o f 8
o v e r which t h e r e is an a n g u l a r f l u x ( f o r x less t h a n 1 2 0 " ) .
The s e c o n d a n g u l a r f l u x , F ( p ) , f o u n d by i n t e g r a t i n g F ( p , @ ) o v e r a l l a n g l e s $, is shown i n F i g u r e s 12-14 as a f u n c t i o n o f w a l l a n g l e X 
o emphasize t h e variation of b'(l1) w i t h y e . 8 ) and X.
From t h e s e f i g u r e s it can be s e e n t h a t t h e r e i s no f l u x t a n g e n t t o t h e w a l l ( 8 = 9 0 " ) u n t i l W e next' i n t e g r a t e d t h e a n g u l a r f l u x o v e r a l l p t o c a l c u l a t e t h e s c a l a r f l u x F and t h e c u r r e n t J a t e a c h w a l l p o i n t , which are shown i n F i g u r e 15. From t h i s p l o t i t i s The maximum f l u x f o r t h e u n i f o r m s o u r c e i s 7.7% g r e a t e r t h a n t h e minimum ( a t X = o O ) , w h i l e f o r t h e p e a k e d s o u r c e t h e maximum i s 10.4% larger. The s h i f t e d s o u r c e f l u x i s much d i f f e r e n t . F o r t h a t c a s e , t h e maximum o c c u r s a t X = 0 " a n d i s 42.7% l a r g e r t h a n t h e minimum a t X = 1 8 0 " . S i n c e t h e s o u r c e i n t e n s
x is g r e a t e r t h a u a b o u t 9 0°, a t t h e t o p o f t h e t o r u s . F o r smaller v a l u e s o f X , t h e r e i s a s h a r p d e c r e a s e i n F ( p ) a s
i t y f o r t h e s h i f t e d s o u r c e i s s t r o n g e s t a t t h e o u t e r e d g e o f t h e p l a s m a , t h e o u t e r w a l l p o i n t s f e e l a s t r o n g e r f l u x t h a n t h o s e on t h e i n s i d e . T h i s e f f e c t i s a l s o e v i d e n t for t h e
s h i f t e d s o u r c e c u r r e n t , where mere I s a large d l f f e r e~~c e UP 61.3% between maximum and minimum. The c u r r e n t f o r t h e u n i f o r m and p e a k e d s o u r c e a r e n e a r l y t h e same, w i t h maxima o c c u r i n g a t X z 25" which a r e -17% l a r g e r t h a n t h e minima a t x = 1 8 0 " . The r e a s o n f o r t h i s b e h a v i o r i n t h e c u r r e n t v s . X CURRENT ~i~. 1 5 . s c a l a r f l u x F and c u r r e n t J a s a f u n c t i o n df w a l l a n g l e x f o r t h e t h r e e s o u r c e s . The u n i t s are a r b i t r a r y . i
The p e r c e n t v a l u e s a r e t h e d i f f e r e n c e between t h e minimum and maximum f l u x o r , c u r r e n t f o r each s n i i r c e .
can b e u n d e r s t o o d from F i g u r e s 12-14, i n which w e found t h a t F ( p ) was.more normal t o t h e w a l l p o i n t f o r s m a l l e r v a l u e s o f t h e w a l l a n g l e X .
Hence w e see t h a t t h e n e u t r o n w a l l l o a d is n o t c o n s t a n t a b o u t t h e w a l l f o r t h e tokamak a n a l y z e d h e r e , b u t t h a t a "hot s p o t f f o c c u r s whose p o s i t i o n and magnitude depend on t h e s o u r c e . I t is i n t e r e s t i n g t o n o t e t h a t a uniform w a l l l o a d EFFECT OF THE ANGULAR FLUX ON TRITIUM BREEDING RATIO I n a d d i t i o n t o t h e g r o s s v a r i a t i o n i n f l u x and c u r r e n t w i t h X , t h e r e w i l l b e second-order e f f e c t s due t o t h e v a r i a t i o n i n t h e a n g u l a r d i s t r i b u t i o n . I n L l l i s s e c t i o n w c u s e t h e r e s u l t s of t h e a n g u l a r f l u x c a l c u l a t i o n t o g e n e r a t e a s o u r c e c o n d i t i o n f o r t h e d i s c r e t e o r d i n a t e s t r a n s p o r t code 7 ANISN.
For t h e f o u r w a l l p o i n t s , X = 0"; 6 0°, 1 2 0°, and 1 8 0°, w e used F(1J) due t o a peaked s o u r c e (shown i n F i g u r e 1 3 ) t o form f o u r d i f f e r e n t s h e l l s o u r c e a n g u l a r d i s t r i b u t i o n s o f 14 MeV n e u t r o n s s u i t a b l e f o r i n p u t t o ANISN. S l a b geometry w a s u s e d w i t h an s8 a n g u l a r q u a d r a t u r e , and t h e F ( p ) f o r each X w a s s p l i t up i n t o a p p r o p r i a t e r a n g e s o f AlJ t o form e a c h s h e l l s o u r c e . The composition o f t h e b l a n k e t w a s t h a t of t h e s t a n d a r d o r "benchmark" b l a n k e t of Comment: The i n t e r v a l s i n e a c h zone a r e e q u a l s t e p l e n g t h . T h e r e a r e 6 2 i n t e r v a l s a l l t o g e t h e r .
Plasma F i g . 1 6 . C o n f i g u r a t i o n of t h e Bench-Mark B l a n k e t Model ( f r o m R e f . 8 ) . t o , t a l T i a found t o be n e w l y t h e same f o r a l l s o u r c e s , w i t h a g r e e m e n t t o less t h a n 1%.
However, t h e r e is a l a r g e r d i f f e r e n c e i n Llle i n d i v i d u a l The '~i r e a c t i o n h a s a l a r g e c r o s s s e c t i o n a t t h e r m a l n e u t r o n e n e r g i e s , w h i l e t h e 7~i i s a t h r e s h o l d r e a c t i o n r e q u i r i n g n e u t r o n e n e r g i e s l a r g e r t h a n 2 IheV.
Hence f o r a s o u r c e of 1 4 MeV n e u t r o n s more p e r p e n d i c u l a r t o t h e w a l l , a s i n t h e X = 0" c a s e a n d t h e beam case, t h e T7 is l a r g e b e c a u s e more of t h e h i g h e n e r g y n e u t r o n s are a b l e t o p e n e t r a t e t h r o u g h t h e niobium i n t o t h e l i t h i u m . .534875
.525490
.521373
.514143
.514533
.511695
., .-.,.."
T6
.
933659
.go0072
.917460
920567
923944
.923557
.925663 T t h e r m a l i z a t i o n o f t h e h i g h e n e r g y n e u t r o n s as t h e y e n t e r t h e b l a n k e t ( a t o b l i q u e . a n g l e s and are s c a t t e r e d ) , and t h u s t h e r e is more t r i t i u m p r o d u c t i o n from t h e '~i . T h i s d i f f e r e n c e i n T6 a n d T7 c o u l d be an i m p o r t a n t f a c t o r i n o p t i m i z a t i o n o f t h e b l a n k e t .
V I I . SUMMARY AND CONCLUSIONS W e have i n v e s t i g a t e d t h e n e u t r o n w a l l l o a d i n a c i r c u l a r c r o s s -s e c t i o n tokamak u s i n g a n u m e r i c a l ' r a y t r a c i n g p r o c e s s t o s o l v e t h e i n t e g r a l n e u t r o n t r a n s p o r t e q u a t i o n .
T h r e e d i f f e r e n t p l a s m a s o u r c e d i s t r i b u t i o n s were a n a l y z e d .
I t w a s f o u n d t h a t t h e a n g u l a r n e u t r o n f l u x , as w e l l as t h e s c a l a r f l u x and t h e c u r r e n t , w e r e h i g h l y d e p e n d e n t on t h e w a l l posit ion.
The c a l c u l a t i o n s i n d i c a t e t h a t s i g n i f i c a n t " h o t s p o t s " may o c c u r 0 1 1 'the f i r s t w a l l , a f f e c t i n g t.he wa1.l. design and a l s o t h e d e s i g n o f t h e b l a n k e t .
I n a d d i t i o n t o t h i s gross
n o r m a l i z a t i o n , t h e v a r i a t i o n s i n t h e a n g u l a r f l u x d i s t r i b u t i o n w e r e found t o a f f e c t t h e t r i t i u m b r e e d i n g i n a t y p i c a l b l a n k e t . 
